Abstract. The thermal stress in the quartz ingot, generated by nonlinear temperature gradients during cooling process, and stress-related defects critically degrade its optical performance. Precise control of the cooling process is an emergent task in the production. This paper proposed a transient model to investigate changes of temperature and stress in the ingot during cooling. Also we examined the influences of the heater power profile on the stress evolution. The results show that a step function not only can notably reduce the maximum stress, but also cool down the ingot in a shorter period. The proposed cooling strategies provide a valuable direction for improving quality and productivity of the quartz glass in industry.
Introduction
Large-size and high-quality quartz glass plays an important role in the production of the optical components in aerospace, nuclear energy and other fields due to its better optical permeability than the normal [1] . Because the cooling rate varies greatly at different locations of a large glass ingot, it results in high thermal stress during cooling, and may cause microscopic fractures [2] . According to modern fracture theory, micro-fractures can be extended horizontally and vertically [3] .It is common to expose the quartz glass to high temperature for a prolonged time to release the stress. Only by cooperating with interdisciplinary technology can accelerate its solution, and eventually overcome it.
Studies of the synthesis or cooling processes of ceramics, crystals and non-quartz glass in similar furnaces or similar cooling process have been performed. Kingery et al. investigated factors affecting thermal resistance of ceramic materials [4] . Fang et al. investigated thermal stress of single crystal during the growing process [5] and of multicrystalline silicon during directional solidification [6] . Wang et al. organized the power allocation during the cooling process of sapphire [7] . Ma et al. optimized the induction-heated pulling-down furnace [8] , and the melting process of the porous silica ingot [9] . Xiao et al. optimized thermal stress of the laser glass by controlling the point, line, and surface of the ingot [10] . Shepard et al. proposed a new method to measure the internal stress of glass and validated it [11] . Fan et al. conducted a simulation study on different thicknesses of toughened glass and found a better tempered glass with a thickness of less than 3 mm [12] . There are also some studies analyzing effect of internal energy of quartz glass on cracks through a microscopic view [13] .
However, most of the research focused on a small temperature range in the entire process, or was not specifically designed for quartz glass. There is no research on the entire cooling process in quartz glass industry. In this paper, a transient model is proposed with heat transfers and thermal stress for the cooling of the quartz glass. A detailed stress evolution during the cooling is obtained for different heater power profiles. The maximum stress of the glass ingot is chosen as an evaluation of the stress level. The main purpose is to find a way how to reduce the stress in the cooling. According to the transient maximum stress profiles, the ramp-down rate of the heater power can be optimized to reduce the cooling stress and enhance the productivity by accelerating the cooling process.
Models and Methods

Problem Discription
A schematic diagram of the electric furnace is shown in Figure 1 . The furnace shell is isolation layers made of zirconium dioxide. Close to the bottom is the crucible with a dimension of 0.54 m×0.4 m (radius×height). The heater is placed close to the chamber wall and the surrounding graphite felt encloses the furnace. The side of the quartz glass does not contact with the crucible directly by certain coating material removed before the cooling starts. During the whole cooling process, the internal stress of the quartz glass rises significantly, among which thermal stress is a major source. 
The axisymmetric geometry in Figure 1 is applied during the study. Thermal radiation of each surface and thermal conduction are considered. Viscoelasticity of the glass is small enough to be negligible. The cooling stage is characterized by rapid decrease of the heater power when the system temperature drops to 1100°C. As a result, the mechanical property of the quartz glass during cooling can be considered purely elastic. The thermophysical properties of the materials used in the modeling are shown in Table 1 .
The energy conservation equations of the heater and other parts of the furnace is written as
where ρ i refers to the density, C pi is the heat capacity, and k i is the thermal conductivity of each part of the furnace. Q H is the heating power as a source in the equation. The stress distribution in the quartz glass is calculated by
where r and z are the axisymmetric coordinate directions. The stress of the quartz glass in the cooling process mainly caused by the thermal stress, and the stress-strain relations are expressed as
where ε is the strain, T ref is the reference of temperature, E is the elastic modulus, γ is the Poisson's ratio, C is the stress and strain constant, and u is the displacement. Through the above three formulas, stresses, strains and displacements can be calculated with proper boundary conditions. 
Results and Discussion
To investigate the evolution of maximum stress in the ingot, the stress distribution of the ingot with no power during cooling process is presented in Figure 2 . The cooling time of 0 h, 1 h, 2 h and 8 h are selected for analysis. The high stress region is distributed in the right area at the beginning, and transferred from the upper side to the surrounding of the ingot. At the late cooling stage, the maximum stress region is on the upper surface of the ingot. The migration of the maximum stress zone throughout the cooling process is due to temperature change in the ingot. Since temperature of the heater is higher than other parts at the beginning, temperature gradient at the side surface is much larger resulting larger stress. When the cooling starts, the surface of the ingot is firstly cooled, so the high stress region appears on the ingot surface. As the cooling proceeds, the fastest cooling rate remains higher, especially at the upper surface. At the end of the cooling, the ingot temperature is low and uniform, the stress level is small, and the quartz glass becomes much safe due to the low system temperature. From the above discussion, one can see that the maximum stress usually appears at the surface of the ingot, and the stress at the initial and middle of the cooling process is the major cause influencing the glass performance. Evolution of thermal stress in the cooling process can be obtained by Figure 2 . The target is to ensure that the thermal stress in the quartz glass be controlled by optimizing the heater power profile. The continuous change of transient stress under the different function are discussed for improving the actual production efficiency in the following sections.
A Step Curve
The heater power is set to change in a step function, and the power curve is shown by the solid line in Figure 3a . The case without heating (0 kW) means that the heater is turned off directly at the beginning of the cooling, and the system is cooled down to room temperature naturally. In other cases, the heater is on for 9 hours with the given power, and then turned off, i.e., natural cooling is adopted after 9 hour's heating of the quartz ingot. The maximum temperature in Figure 3a for all cases goes down. From Figure 3b the stress at the first 9 hours, during which the power is on, quartz glass reaches its peak at the first stage, and the late stress at about 11 hours reaches the peak. The higher of the heating power, the slower decrease of the maximum temperature. From the temperature curve, when the power contains larger than 30 kW, two points of the curve with obvious changes of the maximum temperature are predicted due to the step change of the heater power. The initial section has an obvious slower temperature change, which means a slow cooling rate. Therefore, the stress at the first 9 hours, is relatively small, and the late stress at about 11 hours reaches the peak. The maximum stress finally appeared in the ingot is almost the same for all cases. It seems that the highest power is the best since it shifts the stress peak from high temperature to low temperature zones. For example, the case with a power of 90 kW shifts the stress peak from 2.5 h (a temperature of about 1000°C) to the cooling time of 12.5 h (a temperature of about 800°C). The lower temperature at high stress level, the safer of the quartz ingot for the defect formation. Therefore, the step power about 30-60 kW is preferred both consideration of the safe stress level and the temperature value at the peak point. To obtain a precise power curve in this condition, an investigation with more step value containing different time is predicted in Figure 3c . 3 h means the heater is on for 3 hours with a given power (the X-axis) and then turn off, 5 h means the heater is on for 5 hours with a given power and then turn off et al. From the diagram the lowest stress peak time concentrate on a step value of 20-40 kW. With the increase of the containing time, the lowest stress decreases a lot until it reaches 9 h. When the containing time reaches 9 hours, the lowest stress peak changes a little with the increase of contain time. The lowest stress peak occurs at a step value of 40 kW containing 11 hours. When the containing time changes to 13 h, the lowest stress peak would increase a little. The best step curve is containing the step value of 40 kW for 11 hours. The stress distribution and the isotherm with different containing time at the lowest stress peak is shown in Figure 4 . The area shows in Figure 4 represent the decrease of the highest stress, and the high stress area focus on the right side and upper side. 
A Linear Curve
A linear power ramp-down profile is widely adopted due to its convenient implementation in the control system. In this part, the linear power mode is investigated by switching off the heater power within 5 h, 9 h, and 15 h, respectively. The corresponding temperature and maximum stress curves are predicted as shown in Figure 5 . The dashed line in Figure 5a is the maximum temperature profile, and the solid line denotes the heater power under different power ramping-down rates. The highest stress profile in the quartz glass is given in Figure 5b . It can be seen that the longer the heater is on, the slower the temperature decreases. The maximum stress reaches the peak at the cooling time when the heater is fully closed. The maximum stress of the case that the heater is off directly at the beginning of the cooling is higher than the stress of the case that the heater is gradually off within 5 hours. Although the stress level is lower with the heater on for some hours, the corresponding cooling time is extended obviously at the beginning of the cooling process. However, Figure 3c illustrate the stress peak reaches 3.2 MPa with the linear power profile, which is higher than the lowest stress peak with a step power profile. Therefore, the step power curve is more adoptable in the cooling process. It can be seen that as the cooling time increases, the time for reaching the highest stress point becomes longer, and the temperature in the center region of the quartz glass gets lower. Figure 6 presents the stress distributions under different linear power ramping-down rates at the cooling time when the maximum stress reaches the peak. 
Summary
In this paper, the transient cooling process of quartz glass and the influence of heater power profile have been examined. The following conclusions have been made. Firstly, a step power of 40 kW containing 11 hours receive the lowest stress peak in this condition. A linear power curve gets smaller stress peak with longer opening time, but the lowest stress peak is higher than the lowest stress peak with a step power profile. Although the maximum first stress reach 4.2 MPa, it's far less than the strength limit of quartz glass (15MPa-25MPa). According to the current study, the proposed strategy for quartz glass cooling is contain 40 kW in 11 hours.
